The neuromuscular junction (NMJ) provides a connection between the somatic nervous and muscular systems. The present work documents, for the first time, the mature form of the NMJ in an Australian marsupial, the western gray kangaroo Macropus fuliginosus. Marsupials give birth to highly altricial young and the majority of motor system development thus occurs postnatally. We demonstrate that NMJ formation in the forelimbs of kangaroos precedes that in hindlimbs by several weeks, consistent with evidence of precocial forelimb development from other indices of motor system maturation in marsupials. Forelimb and hindlimb NMJs reach a similar level of development by the end of the first postnatal month, an outcome that results from accelerated hindlimb development in the early postnatal period together with a more unexpected stagnation or even regression of forelimb NMJ maturity over the same period. This study suggests that the pattern of NMJ maturation may be adjusted in forelimb as opposed to hindlimb. Elucidation of the underlying cellular control mechanisms may inform current understanding of NMJ formation, and as such the broader processes involved in synaptic formation.
Introduction
The neuromuscular junction (NMJ) connects the somatic nervous system and the muscular system via a chemical synapse between a spinal motor neuron and a skeletal muscle cell. Electrical potentials traveling along the motor neuron cause the release of the neurotransmitter acetylcholine (ACh) across the synapse. Subsequent binding of ACh by postsynaptic acetylcholine receptors (AChRs) in the plasma membrane of the muscle cell triggers muscle contraction. The ease of accessibility and comparative simplicity of the somatic NMJ have placed it at the forefront of discoveries about chemical synaptic transmission for over a century (Hong & Etherington, 2011) .
The development of the connections between motor neurons and myofibers involves the coordination of pre-and postsynaptic components. Presynaptic nerve growth cones release neurotransmitter as they extend from the spinal cord toward myofibers that independently express pre-patterned clusters of neurotransmitter receptors (Yang et al., 2001) . Reciprocal contact-dependent signaling between motor neurons and myofibers then induces differentiation of pre-and postsynaptic compartments to form a functional synapse. Multiple axons compete for stable innervation of target muscle fibers while receptors on the sarcolemma are redistributed and concentrate at the nerve contact point (FlanaganSteet et al., 2005) , achieving precise alignment between nerve terminals and endplates. Finally, the complex morphology required for reliable synaptic transmission emerges; junctional folds in the postsynaptic membrane position regions of high receptor density in direct apposition to presynaptic active zones, where specialist transmitter release proteins are concentrated. Recent progress has identified several specific molecules involved in early NMJ formation (Tintignac, Brenner & Rüegg, 2015) . However, questions remain about the factors driving subsequent development of NMJs into their mature form, and the implications of this maturation process for reliable NMJ function (Shi, Fu & Ip, 2012) .
Marsupials give birth to highly altricial young and the bulk of their development occurs ex utero while attached to the mother's teat (Tyndale-Biscoe, 2005) . The majority of motor system development thus occurs postnatally (Comans, McLennan & Mark, 1987; Pflieger, Cassidy & Cabana, 1996; Cabana, 2000; Lavallée & Pflieger, 2009) , meaning marsupials are useful models of motor system development. Additionally, marsupial motor development is often segmented, with forelimb motor function preceding hindlimb motor function by days or weeks (Pflieger et al., 1996; Gemmell, Veitch & Nelson, 2002; Keyte, Imam & Smith, 2006; Keyte et al., 2008; Sears, 2009 ). In many marsupial species, well-developed (relative to hindlimb), mobile forelimbs are used at birth to climb from the birth canal to teat, while hindlimbs are still immobile limb buds (Gemmell et al., 2002; Van Dyck & Strahan, 2008) .
The differences in the timing of development of forelimb and hindlimb, as an example of heterochrony, were traditionally attributed to acceleration of forelimb maturation (Bininda-Emonds et al., 2007) . Recent studies (Sánchez-Villagra, 2002; Harrison & Larsson, 2008; Weisbecker et al., 2008) , however, reveal a more complex pattern of development, and multiple evolutionary events are now believed to have independently altered the timing of particular milestones in marsupial limb development. Sears (2009) provides evidence for independent acceleration of the first appearance of marsupial forelimbs and delay in the maturation of marsupial hindlimbs. Such patterns suggest heterochrony is driven by different selection pressures exerted on forelimb and hindlimb by their distinct functional requirements in the early postnatal period (Sears, 2009) . That marsupial limb development may be modular, with developmental processes in anterior and posterior limbs proceeding more or less independently of one another (Young & Hallgrímsson, 2005; Goswami, Weisbecker & Sánchez-Villagra, 2009) , is in contrast to the largely integrated development of anterior and posterior limbs in eutherian mammals (Sears, 2009 ).
Here, we investigate the development of somatic NMJs in the kangaroo (Macropus fuliginosus). The aims were threefold. First, to document the morphology of the adult NMJ, thus providing the first description for an Australian marsupial. This information was necessary to provide an understanding of the endpoint of NMJ development. Second, to record the structural maturation of myofibers from birth through the early postnatal period, enabling interpretations of the relative development of the neural and muscular elements at NMJs. Finally, we sought to describe the development of forelimb and hindlimb NMJs from birth to postnatal day 100. We report that forelimb NMJs are more developed than hindlimb NMJs in the early postnatal period, and that this difference is largely resolved by the end of the postnatal month through a combination of accelerated hindlimb development and apparent stagnation of forelimb development.
Materials and methods

Animals
No animals were euthanized for the purpose of this study. The use of cadaver tissue was approved by Specimen age was approximated from head and/or pes lengths based on the data of Poole (1975) , a method shown to be accurate within ± 2 days (Ho, 1997) . The sex of specimens was not taken into account as previous studies have reported no significant sex differences in early postnatal neural development (Cassidy et al., 1994; Pflieger et al., 1996) .
Wistar rat Rattus norvegicus tissues were sourced from fresh cadavers following euthanasia for a research project approved by the Murdoch University Animal Ethics Committee (Permit R2444/11:
Effect of neuregulin-1β on surfactant production by type II pneumocytes and the influence of glucocorticoid and epidermal growth factor on synthesis and release of neuregulin-1β from lung fibroblasts).
Immunohistochemistry
Whole muscles (forelimb: biceps brachii, long head of the triceps brachii; hindlimb: tibialis cranialis, gastrocnemius medialis) were dissected, pinned out and fixed for 4 h with 10% buffered formalin in PBS (0.01 M). Differentiation of muscle bellies at very early stages of development (i.e. P0) was apparent, but may conservatively be considered putative at this age. Following fixation, muscles were rinsed with PBS and stored overnight in 30% (w/v) buffered sucrose at 4°C. Muscles were embedded in OCT (Proscitech, Townsville, Australia) and sectioned with a Leica CM1850 UV (Sydney, Australia) cryostat (14 μm sections cut at −23°C). All muscles and sections were stored at −80°C. 
Image acquisition and analysis
Fluorescent labeling was observed and imaged using a Nikon A1Si spectral detector confocal microscope at the Centre for Microscopy, Characterisation and Analysis (The University of Western Australia). Image analysis was performed with ImageJ (v4.2.2) and Adobe Photoshop (v12.1) software.
Indices of NMJ development
To facilitate comparison between the maturity of forelimb and hindlimb NMJs, junction components were rated on a number of indices of synaptic maturity (Table 1) . These indices were developed by the authors based on published descriptions of developing NMJs (Lupa & Hall, 1989; Henriquez & Salinas, 2012) .
Myofiber histology
A subset of specimens (n = 14 animals) were processed for histological investigation of myofiber maturity. Specimens were stored in 80% ethanol and transferred to 4% formalin for 24 h prior to embedding in paraffin. Blocks of m. biceps brachii and m. tibialis cranialis muscles were cut into 4 μm sections on a Leica Rotary Microtome, first by transverse and then by longitudinal sections.
Sections were stained with H&E (hematoxylin & eosin) and PTAH (phosphotungstic acidhematoxylin) to visualize myofiber striations and placement of nuclei (at least 10 myofibers analysed per section).
Results
Mature NMJ structure
The morphology of NMJs in adult kangaroo limb muscles has not previously been documented. To provide a reference point for our developmental study of NMJs, NMJs from biceps brachii, triceps brachii and tibialis cranialis muscles of three adult kangaroos were labeled with antibodies and visualized en face with confocal microscopy (Fig. 1) .
The majority of endplates were compact oval-shaped plaques (approximate dimensions 18-μm long by 12-μm wide), each containing 2-3 internal perforations that were devoid of AChRs (Fig. 1a-e) .
These perforations rarely extended to the edge of the plaque to form the complex, 'pretzel-like' branching that characterizes smaller mammalian endplates [compare rat endplate in Fig. 1i -l and also Marqués, Conchello & Lichtman (2000) ]. On a minority of both forelimb and hindlimb fibers, more complex endplate structures could be distinguished (Fig. 1f-h ). These endplates were larger (approximate dimensions 50-μm long by 20-μm wide) and possessed a slightly more elaborate morphology: internal perforations were smaller but more numerous (>3 per endplate) and/or the boundary of the endplate was more elaborately scalloped. Both types of endplate were observed in the three muscles studied, which include forelimb and hindlimb, and flexor and extensor muscles. This variation in mature endplate morphology is likely to be linked to variation in myofiber type (Wynn, Beaton & Spiegel, 2004) as, for a given vertebrate species, endplates on fast glycolytic myofibers are generally larger and more complex than the endplates on slow oxidative myofibers (Ogata, 1988) . A detailed study of the relationship between endplate morphology and myofiber type was outside of the developmental focus of the present study.
Nerve terminals (Fig. 1b) were closely aligned with AChR plaques (Fig. 1a and see overlay in Fig. 1d ) in adult kangaroo endplates and synaptic vesicles were distributed throughout the nerve terminal (Fig. 1c) . Putative junctional folds were observed as small bands of intense AChR labeling within AChR plaques (arrowhead, Fig. 1f ). NMJs were typically capped by 1-2 terminal Schwann cells, as evidenced by colocalization of endplates with the Schwann cell marker S-100 and the nuclear stain DAPI.
Myofiber maturation during the early postnatal period
In general, forelimb motor development in marsupials occurs well in advance of hindlimb development. In our specimens at birth, forelimbs were approximately three times longer than hindlimbs. Shoulder, wrist and elbow joints were evident, whereas hindlimbs were relatively small, undifferentiated paddles, with only the first signs of emerging toe buds (Fig. 2) . Hindlimb growth outpaced forelimb growth in the postnatal period, so that the large hindlimbs and small forelimbs that characterize adult kangaroos were apparent by postnatal day (P) 80.
Segmental differences in myofiber maturity were relatively subtle in the postnatal period. Myofibers in both forelimb and hindlimb remained immature for at least 1 month postnatally, as was apparent from the central location of muscle nuclei (arrowheads, Fig. 3a, b, d, e) . From P40, central muscle nuclei were rarely observed, most having migrated to the periphery (arrowheads, Fig. 3c, f) indicating the completion of myogenesis. Fusion of Z-bodies into linear Z-disks was slightly delayed in hindlimb compared to forelimb muscles. In forelimbs, most z-bodies had fused into thin linear striations by P100 (arrow, Fig. 3c ). While these structures had not formed the contiguous Z-disks seen in adult muscle, they were more organized than hindlimb z-disks at the same age (arrow, Fig. 3f ), which retained an immature (thick, punctate) appearance.
NMJ anatomy and development from birth to P100
Postnatal hindlimb NMJ development
At birth, synaptic contacts were not present in the kangaroo hindlimb. Instead, AChR labeling (green, Fig. 4a , ai) revealed early forms of AChR aggregation documented in other mammalian species (Marqués et al., 2000) ; very small punctate labeling, termed microclusters, and larger, diffuse, weakly-labeled plaques. Neurofilament (yellow) and synaptophysin (red) reactivity revealed nerve growth cones approaching the muscle fibers but entering growth cones had not contacted AChR aggregates (Fig. 4a, ai) .
By the end of the first postnatal month (P26), most hindlimb AChR aggregates had condensed into more intense plaques that were associated with motor neuron processes and labeling in non-innervated regions was minimal (Fig. 4b) . The ongoing immaturity of the majority of these early endplates was apparent from their poorly defined boundaries and the absence of cross-striations seen in adult junctions, associated with junctional folds (green, Fig. 4b, bi) . By P26, strong synaptic vesicle (red) and neurofilament (yellow) labeling was observed in nerve processes innervating the immature endplates, although this labeling was rarely colocalized with the motor endplate, suggesting minimal invasion of neurofilament protein or vesicles into the nerve terminal (Fig. 4bi) . This strong synaptophysin labeling in neuronal processes is consistent with active transport of synaptic vesicles from soma to terminal early in development (Lupa & Hall, 1989) .
By P100, most endplates were approaching a mature form (green, Fig. 4c, ci) , although typically smaller than adult size, consistent with the isometric scaling of endplates observed in parallel with myofiber growth (Balice-Gordon et al., 1990) . Endplate labeling was highly striated indicating the presence of junctional folds. Neurofilament had invaded the nerve terminal, evidenced by colocalization of neurofilament (yellow, Fig. 4c, ci) and endplate labeling. Vesicle labeling was also highly colocalized with endplates and limited synaptophysin reactivity was observed in nerve processes, suggesting the bulk trafficking of synaptic vesicles from soma to nerve terminal had finished (red, Fig. 4c, ci) . Indices of pre-and postsynaptic maturation indicated that postsynaptic maturation (endplate formation, emergence of junctional folds) was particularly rapid in hindlimb NMJs over the first postnatal month (gray lines, Fig. 5a, b) , while maturation of presynaptic parameters (presence of neurofilament, synaptic vesicle proteins in the nerve terminal, gray lines, (Sanes & Lichtman, 1999 , although spread over a long time period (~100 days) that reflects the protracted maturation of joeys.
Postnatal forelimb NMJ development
In kangaroos, forelimb-propelled locomotion is observed at birth (Van Dyck & Strahan, 2008) , when hindlimbs are poorly developed structures (Fig. 2) , without established NMJs (Fig. 4a) . We therefore hypothesized that NMJ formation would be accelerated in forelimbs relative to hindlimbs, as observed for other marsupial motor system components (Bridge & Allbrook, 1970; Comans et al., 1987; Pflieger et al., 1996; Ho & Stirling, 1998; Gingras & Cabana, 1999; Cabana, 2000; Barthélemy & Cabana, 2005; Lavallée & Pflieger, 2009 ).
Indeed, forelimb NMJs at birth were markedly more developed than their hindlimb counterparts.
While hindlimb AChR clusters were immature and yet to be contacted by nerve growth cones arriving at the endplate region (described above), forelimb AChRs were restricted to intensely labeled plaques associated with nerve processes (Fig. 4d, di) . Strong labeling of synaptic vesicles was aligned with these endplates, although labeling in nerve processes was more intense than observed in adults, suggesting significant trafficking of vesicles from soma to terminal, as observed at immature synapses (Lupa & Hall, 1989) . Neurofilament extended along nerve axons toward these endplates, although it
had not yet invaded the nerve terminal itself. We saw no evidence for differences in developmental stage between muscles of the flexor and extensor compartments in the forelimb (biceps brachii, triceps brachii). Thus, as predicted, forelimb NMJs were significantly more developed than hindlimb NMJs in kangaroo joeys at birth.
These differences in the maturity of the forelimb and hindlimb NMJs were no longer apparent by P26.
Both forelimb and hindlimb showed AChR clusters, with strong synaptic vesicle and neurofilament labeling in nerve processes approaching the clusters (Fig. 4b, bi, e, ei) . As in hindlimbs, AChR, neurofilament and vesicle labeling were well aligned by P100 (Fig. 4f, fi) . Surprisingly, when indices of pre-and postsynaptic development were compared in forelimb and hindlimb (Fig. 5) , eradication of developmental differences between these two regions in the first postnatal month did not appear to reflect a simple acceleration of hindlimb development in the early postnatal period. While hindlimb NMJs certainly did mature rapidly in this period, particularly the postsynaptic compartment, we documented surprising stagnation or apparent regression of several indicators of the maturity of forelimb NMJs over the same period (black lines, Fig. 5b-d) , contributing to the equivalent developmental state of junctions in the two regions by P26.
Discussion
This study has, for the first time, described the mature form of the NMJ in an Australian marsupial.
Overall, the small size and simple morphology of most kangaroo endplates, relative to smaller laboratory animals, is similar to observations of endplates in other large mammalian species such as humans (Slater et al., 1992; Wood & Slater, 2001 ).
As expected, NMJ formation in kangaroo forelimbs preceded that in hindlimbs by several weeks, reflecting the functional demands on forelimb at birth to propel the joey from birth canal to teat. At birth, when forelimb NMJs were well formed, with structured endplates, nerve growth cones were only beginning to arrive in hindlimb muscles.
The heterochronic differences in NMJ formation are consistent with evidence of precocial forelimb development from other indices of marsupial motor system maturation (Meredith et al., 2008) .
Rhythmic stepping movements are observed in tammar wallaby Macropus eugeniiforelimbs at P0, while spontaneous hindlimb movement is not observed until 5 weeks postnatal (Ho, 1997) . That study documented withdrawal reflexes in wallaby hindlimbs at around 4 weeks postnatal, suggesting basic components of the motor pathway are established around this time. We first observed the majority of hindlimb AChRs condensed into endplates at P28 (forelimb endplates were apparent from birth), suggesting delayed maturation of the NMJ is one factor limiting motor function development in Australian marsupial hindlimbs. Poor development of striations in hindlimb myofibers during first postnatal month may also limit the muscles' ability to respond to nerve input with contraction.
In addition to heterochronic patterns, NMJ development and maturation in kangaroos occurs over a much longer duration than reported in other species (c. 2 weeks in rats and mice, Sanes & Lichtman, 1999) . We observed a gradual process of NMJ maturation, particularly of presynaptic compartments, in both forelimb and hindlimb of kangaroos starting between P20 and 40 and continuing until the latest time point investigated, P100. In wallabies, the period from P40 to P140 is characterized by low-level motoneuronal cell death, at a slower rate than observed in the first postnatal month (Comans et al., 1987) . Together, these studies provide evidence for gradual, ongoing refinement of motor projections in marsupial neonates, which interestingly occurs before joeys leave the pouch and engage in normal locomotor patterns.
One intriguing finding of the present work is the apparent stagnation or even regression of NMJ maturation in the kangaroo forelimb in the first postnatal month (Fig. 5) . Such a suspension or regression in the maturity of forelimb NMJs may reflect restructuring of established synapses or formation of new ones. Forelimbs in developing wallabies maintain the capacity for movement over the weeks following pouch entry (Ho, 1997) . Presumably congeneric kangaroos maintain their capacity for forelimb movement postbirth, which implies that NMJs maintain functionality despite an apparent hold on maturation during this period.
Our work supports hypotheses that the heterochronic differences between marsupial forelimb and hindlimb emerge through a complex sequence of events that include early initiation of some events in motor development, together with acceleration and/or retardation of the maturation and differentiation in other motor structures. Given this atypical developmental pattern, it seems that some of the early questions about the specificity of neuronal path finding and target innervation might warrant reconsideration in marsupials. For example, are the initial motor neuron contacts to the forelimb specific and stable, as observed in eutherian mammals (Richardson et al., 2009; Sears, 2009 ), or do they represent a transient projection that facilitates the climb to the pouch at birth and is then displaced by later arriving motor neurons that represent the stable innervating population of the muscle? What are the controls, at a genetic and cell signaling level, that give rise to the large difference in the initiation and subsequent progression of NMJ development in forelimbs and hindlimbs? How do the well-documented differences in motor activity between marsupial forelimb and hindlimb (Ho, 1997) effect the many activity-dependent steps in NMJ maturation?
It seems likely that understanding the nuanced temporal relationships between marsupial forelimb and hindlimb developmental events will require elucidation of the specific genetic and cell signaling cues that initiate and progress maturation of particular motor structures. Significant progress has been made in identifying core pre-and postsynaptic signaling pathways involved in rodent NMJ formation, including the role of agrin, acting via the muscle-specific receptor tyrosine kinase (Jamon, 2006) , to initiate postsynaptic differentiation (Kim & Burden, 2007) and maintain synapses (Gautam et al., 1996) , as well as roles for Rho GTPase (Samuel et al., 2012) and Wnt proteins (Weston et al., 2003) , among others, in formation of ACh receptor microclusters and their aggregation into larger plaques (Henriquez & Salinas, 2012) . This work has been done in a limited range of species, specifically those with a high level of integration of anterior and posterior motor development, and it remains to be seen whether these mechanisms hold across species with diverse maturational patterns. Marsupials, which diverged from eutherian mammals between 150 and 180 million years ago (dos Reis et al., 2012; Phillips, 2015) , represent a valuable opportunity to investigate the universality of these controls among mammalian species. (NF, yellow) labeling matures rapidly during the first postnatal month, followed by more gradual refinement of synaptic structure, apparent from increasing colocalization of the different labels (insets ai-ci). (d-f) An alternate developmental pattern is apparent in kangaroo forelimbs, where synaptic contacts are established from birth and appear to remain in a relatively stable state of maturation until the end of the first postnatal month (P28), before undergoing a period of synaptic refinement similar to that seen in hindlimbs (insets di-fi). Scale bars 10 μm. Figure 5 . Indices of neuromuscular junction maturation support different developmental patterns in kangaroo forelimbs and hindlimbs. The frequencies of different maturational indicators in endplates from hind (gray traces) and forelimb (black traces) neuromuscular junctions were quantified according to criteria detailed in Table 1 . The frequency of AChR clusters classified as endplates (a), of AChR clusters displaying junctional folds (b), and of junctions where neurofilament (NF, c) and synaptic vesicle (SYN, d) labeling had invaded the nerve terminal were all higher in forelimbs than in hindlimbs at birth, but these differences were not observed by the end of the first postnatal month. Values at the top of each part represent the number of endplates sampled in each category at each time point. A similar trend was observed during maturation of endplate length (e) and muscle fiber diameter (f). 
